Abstract-Dictyostelium discoideum is a social amoeba exhibiting distinct self-organising behaviour at different phases of its life -signalling lack of food, recruiting partners to create a single super-organism (fruiting body) and moving in a coordinated way towards areas with food. These phases and their underlying mechanisms are excellent models that we will apply to swarms of robots, for studying their adaptation to changing environments. Although Dictyostelium behaviour models provide a promising research path, not all phases are currently clearly modelled. To elucidate this issue, we are studying, simulating and visualising some of the phases of the intercellular Dictyostelium activities most relevant for further application to swarm robotics.
I. INTRODUCTION
Dictyostelium Discoideum is a social amoaba able to change behaviour to survive lack of food: individual cells move around on their own when there is plenty of food; when food is scarce, cells self-organise to build a coherent and cohesive superorganism, similar to a slug, able to move looking for a place with food; at this point the super-organism disbands again and cells resume their individual behaviour. This social, relatively simple but yet powerful, behaviour is particularly appealing to inspire the engineering of swarm robotics, where a large number of simple homogeneous robots coordinate themselves, self-organise and adapt to changing environments. In this paper, we discuss some characteristic features and distinctive properties of the Dictyostelium Discoideum. We focus here on the biological model of the creation of the slug (aggregation). A similar work inspired by slime-mold has been studied in [1] to allow swarms of robots to perform specific navigation tasks. Other bio-inspired algorithms for aggregation and decision making in swarm robotics are studied in [2] , [3] . Our goal here is to understand, simulate and visualise the intercellular social behaviour of the amoebae, to fully understand this model and in particular to study its emergent properties, and identify the mechanisms at work behind this behaviour that produce these distinctive properties. We will later take inspiration from this model and these mechanisms to design the interactions of swarms of robots and their adaptation to harsh or changing environments.
II. DICTYOSTELIUM DISCOIDEUM
Dictyostelium discoideum is a free-living amoeba that feeds on bacteria on soil surfaces. It is typically 10 μm in diameter with chemotactic capacity [4] . One of the most brilliant properties of this amoeba is the ability to survive in harsh environments particularly when food is scarce or lacking. It undergoes a series of changes (called phases) in its life cycle. Some phases involve unicellular behaviour, while others involve a multicellular one.
Dictyostelium discoideum phases
Multicellular development is a process to transform an organism from single-celled structure into a consolidated structure consisting of thousands of synchronously moving cells. This type of biological development needs some environment and genomic requirements in the durations of its life cycle. The duration and the phases of its life cycle differ from species to species. In the case of the development of D. discoideum, the creation of a fruiting body takes approximately 24 hours [5] . Chisholm et al. [5] divide its life cycle as follows: Aggregation: In the natural life when the food sources are ample, each cell moves, grows and divides within 3 or 4 hours [4] . But in the absence of food, cells begin significant cooperation. Before this phase, the cells move randomly without any cellto-cell contact. The period between the beginning of starvation and aggregation is called interphase. After a period of few hours of starvation, a few cells (called centers) start to secrete a signal molecule, Cyclic Adenosine Monophosphate (cAMP), which is a kind of gradient, into the population. The other cells that receive the signal start moving towards the signal source and relay it through the other cells. This signalling ability allows the centers to recruit other cells from wide area. Cells, receiving the signal, change their shape and response in two ways -they move 20 μm along the gradient over a period of 100s towards the center of concentration and after a minute or so release cAMP of their own to boost the signal [6] . Some of the distinctive and emergent properties of this phase is that the resulting aggregation territories (i.e. the set of cells recruited by a center) are homogeneous circles of 1 cm radius. Streaming: During the aggregation phase, cells propagate and relay the waves of cAMP from the centers. These waves finally give way to streams created thanks to the adhesive capacity of the cells. These streams creep along the gradient and converge to larger streams and eventually all streams merge in some points to make a slug.
Slug: During this phase, the cells start to move synchronously and coherently as a super-organism. In some species the slug has properties that none of the cells has on its own (e.g. sensitivity to light or heat). Culmination: The transformation from migrating slug to the fruiting body occurs by a process called culmination [6] . The slug moves up until it finds better environment conditions. Then the front of the slugs rises and becomes a spore and the rear part of it becomes a stalk to keep the spore on the air. Fruiting body: The result of the process is a complex fruiting body that consists of a ball of spores and a stalk of dead cells. During this phase 20% of the cells altruistically die to form the stalk. The other 80% of the cells remain as spores with the chance of survival and find an agreeable environment. Growth: In this stage the fruiting body is ready to start the reproduction of the new generation.
III. MODEL DESCRIPTION A. Natural and biological model
The mechanism behind the aggregation phase depends on cAMP as a signal molecule. The process of the cell aggregation starts by chemotaxis, using a propagated signal in two typesconcentric circular and spiral waves. At the beginning, only a few cells (centers) release autonomously this short periodic pulse. Durston (1974) called them pacemakers. They are signalling the pulse in different frequencies. Then, they motivate their neighbours to reproduce the signal as well. In other words, they increase the amount of cAMP in the field, and propagate the signal so that it becomes increasingly stronger [6] . There is a delay between receiving and sending the signal.
B. Simulation model
We concentrate here on the aggregation phase. To this end, we considered MacKay's model [6] and simulation. In this model all the cells pursue an algorithm driving their own behaviour and decisions. In the aggregation phase, we need to look for: a mechanism to produce the centers of aggregation; a method to control the size of the aggregation territories, the number of cells and their distribution; a mechanism to move the cells towards the centers; and a mechanism to keep these arrangements during the remaining time of development. Additionally, there are some characteristics and emergent properties common to the different species of Dictyostelium:
• The spatial size (in cm) of the aggregation territories is constant in the same environmental conditions independently of different cell densities.
• At the end of the aggregation, there may be long streams that cause the rise of secondary centers (i.e. centers that did not initiate a signalling process).
• The rising up towards the centers do not occur all at the same time. Center formation: Centers become present before any secretion between the cells. They release at different frequencies a cAMP pulse that propagates in the field as a gradient and decays with time if not re-activated.
Other cells: They have three abilities: (a) They respond chemotactically to cAMP; (b) They release a pulse with a delay of about 12s − 15s, which relays the pulse of cAMP; (c) A refractory period makes the cells insensitive to the pulses. The chemotactil response is a movement towards the gradient. Chemotaxis is popular between many cell types. Cells use it as an internal compass to detect extracellular chemical gradient and move toward it or away from it. Swaney et al. [7] divide the chemotaxis into three phases: (a) Motility: In this phase the cell moves at random and aimless direction; (b) Directional sensing: The cell has the ability of spatial sensing; (c) Polarity: Eventually, chemotactic amoeboid cell is polarised and has a pseudopodia (i.e. temporary projections of the cell membrane used for motion).
In this model, each cell is aware about the time it received the last signal (by using an internal clock). If this time is greater that the refractory period and the concentration of cAMP is above the threshold, the cell moves toward the maximum spatial gradient of cAMP.
The internal clock is another characteristics of D. discoideum. With this ability the cell knows after how much time it will be responsive to the next signal of cAMP. This clock is decremented and its value is reduced after each time interval. It can take a negative, zero or positive value. A zero or a negative value means that the amoeba is able to respond to the signal of cAMP. The positive value represents the reception of a cAMP signal by the amoeba. During the refractory period, it is insensitive to the signals of the field [4] .
IV. CONCLUSION This paper discusses some biological phenomena and considers a model to better study the aggregation phase of the multi-cellular development of D. discoideum. This model provides an algorithm to determine the activities of each cell such as movement and secretion. It still needs to be completed to integrate aggregation territories sizes. Next steps involve modelling, simulating and validating the different phases of the D. discoideum, possibly for different species; identifying the underlying mechanisms (e.g. gradient, chemotaxis); translating those models and mechanisms to the simulation of the swarms of robots, and finally to actually deploy swarms of robots engineered with these mechanisms.
